Introduction
The Indian monsoon is one of the most energetic components of the South Asian climate system, acting as a large source of diabatic heating over the tropical belt. Within its strong seasonality, there are prolonged spells of wet and dry conditions lasting for 2-3 weeks, with profound socioeconomic implications particularly in the agricultural sector. These periods, known as active and break conditions respectively, represent the extreme phases of sub-seasonal or monsoon intraseasonal oscillations (MISO; e.g., Sikka and Gadgil 1980; Srinivasan et al. 1993; Goswami 2011) . With useful prediction skill of monsoon subseasonal variability currently extending to only around two weeks (Abhilash et al. 2014) , improvement in the simulation and forecasting of these modes is a key goal for the research community and is reflected as a main objective of the National Monsoon Mission established by the Government of India.
Active and break events are generally found in observations with a periodicity of 30-60 days (e.g. Annamalai and Slingo 2001) . Large coherent variability is displayed in different atmospheric and upper-ocean fields in accord with monsoon active-break cycles. During active phases, there is a strengthening of the monsoon jet, and increased convection over the Indian mainland, eastern Arabian Sea and the Bay of Bengal, whereas during the break phase, there is increased convection over the eastern equatorial Indian Ocean, and the low-level jet is deflected to the south, resulting in decreased wind over the aforementioned regions (Webster et al. 1998; Annamalai and Slingo 2001;  Abstract Boreal summer sub-seasonal variability in the Asian monsoon, otherwise known as the monsoon intra-seasonal oscillation (MISO), is one of the dominant modes of intraseasonal variability in the tropics, with large impacts on total monsoon rainfall and India's agricultural production. However, our understanding of the mechanisms involved in MISO is incomplete and its simulation in various numerical models is often flawed. In this study, we focus on the objective evaluation of the fidelity of MISO simulation in the Met Office Global Seasonal forecast system version 5 (GloSea5), an initialized coupled model. We analyze a series of nine-member hindcasts from GloSea5 over 1996-2009 during the peak monsoon period (JulyAugust) over the South-Asian monsoon domain focusing on aspects of the time-mean background state and air-sea interaction processes pertinent to MISO. Dominant modes during this period are evident in power spectrum analysis, but propagation and evolution characteristics of the MISO are not realistic. We find that simulated air-sea interactions in the central Indian Ocean are not supportive of MISO initiation in that region, likely a result of the low surface wind variance there. As a consequence, the expected nearquadrature phase relationship between SST and convection is not represented properly over the central equatorial Indian Ocean, and northward propagation from the equator is poorly simulated. This may reinforce the equatorial rainfall mean state bias in GloSea5. Joseph and Sijikumar 2004) . The regional Hadley circulation moves northward, bringing anomalous ascending (descending) air together with cyclonic (anti-cyclonic) lowlevel circulation anomalies over India for the active (break) phases, which ultimately modulate the mean monsoon flow itself. Thus strong air-sea interaction is clearly exhibited in SST, convection and low-level wind fields over the tropical Indian Ocean corresponding to active-break cycle (Joseph and Sabin 2008) .
MISO convective activity is coupled with the upper ocean through SST and wind stress. In turn, SST feeds back on the atmosphere through surface moisture convergence and changes in the stability of the planetary boundary layer (Roxy and Tanimoto 2007) . SST cooling (warming) over the Bay of Bengal and east Arabian Sea follows the movement of the monsoon jet and convection into the region for respective active (break) phases. Weak winds over a well-stratified low-salinity layer in the north Bay of Bengal result in a shallow mixed layer, which responds rapidly to perturbations in net heat flux at the surface arising from MISO; this is indicative of strong coupling. Using in situ observations and satellite images, Sengupta et al. (2001) and Fu et al. (2003) attributed most of the SST changes on MISO time scales in this area to fluctuations in net heat flux. Three-dimensional (3D) fully dynamic ocean models have also confirmed the dominant role of heat flux over other oceanic processes in controlling SST variability in the Bay of Bengal (Vialard et al. 2011) .
The prediction skill of interannual monsoon variability has been improved by using fully coupled models rather than forced atmospheric models (Krishna Kumar et al. 2005) , since the former includes ocean-atmosphere interaction; this can be clearly inferred from the SST-precipitation relationship exhibited in Wang et al. (2005) . Similarly at the intraseasonal time scale, Rajendran et al. (2012) demonstrated the essential role of air-sea interaction processes in achieving the proper amplitude and phase of MISO in the coupled models in IPCC AR4. Sperber and Annamalai (2008) analysed the CMIP3 models and suggested that the fidelity of the un-initialized coupled model representation of MISO is better in those models that feature the necessary background conditions for the proper life cycle and the northward propagation of MISO. They identify these conditions as: realistic location of the time-mean monsoon heat sources (both in precipitation and SST), with easterly wind shear in the vertical and a meridional gradient of specific humidity.
In the present study, we evaluate the simulation of MISO in the UK Met Office Global Seasonal forecast system version 5 GC2 (hereafter referred to as GloSea5; Williams et al. 2015) over the Indian monsoon domain, and the underlying air-sea interaction processes involved. No previous work has studied the fidelity of MISO in GloSea5. This study deals with the nature of active-break cycles in GloSea5 and diagnoses the possible sources of error in precipitation and low-level wind over the monsoon domain using a nine-member hindcast for the 14-year period of 1996-2009 in comparison to reanalysis/satellite products. Our assessment of active-break cycles will test the previously mentioned background conditions before examining precipitation-SST relationships and the air-sea interaction processes involved in it. Section 2 describes the observational data sets used, along with the methodology for defining active and break events and model details. The largescale time-mean background state is examined in Sect. 3. Section 4 addresses the dominant periodicity simulated in the model at intraseasonal time scales and associated propagation characteristics, while the spatial horizontal and vertical patterns of MISO are described in Sect. 5. Air-sea interaction processes associated with MISO are presented in Sect. 6 and finally Sect. 7 summarizes the results with further discussion.
Model and observations used

Observations
We used daily TRMM satellite rainfall based on the 3b42 algorithm (Huffman et al. 2007 ) as our observed precipitation, covering the period 1998-2013. For dynamic and thermodynamic atmospheric fields on pressure levels (winds, temperature, humidity and vertical motion), we used the ECMWF ERA-Interim reanalysis (Dee et al. 2011; hereafter ERA-Interim) . TMI SST (Wentz et al. 2000) and 10 m winds from the daily gridded QuikSCAT scatterometer (Bentamy et al. 2003) have been used for additional model verification at the surface. For oceanic surface fluxes, since observations are so uncertain in the Indian Ocean, model outputs have been validated against two independent flux products including the objectively analysed flux from the Woods Hole Oceanographic Institute (WHOI OAFlux; Yu and Weller 2007) and TropFlux (Praveen Kumar et al. 2012 ). The July-August mixed layer depth (MLD) climatology is taken from a data set presented in de Boyer et al. (2004) . All these observation and reanalysis data are used over the common period of 1998-2013. Williams et al. (2015) describe the GloSea5 Global Coupled model 2.0 (GC2) system, which is an initialized version of the recent high-resolution Hadley Centre Global Environment Model version 3 (HadGEM3) atmosphereocean coupled climate model. The following are the main components in this seasonal forecast system: Met Office Unified Model (MetUM) atmosphere GA6.0 with the latest dynamical core (Even Newer Dynamics for General Atmospheric Modelling of the Environment, ENDGame; Wood et al. 2014) , the Joint UK Land Environment Simulator GL6.0 (JULES; Best et al., 2011 land model, the Nucleus for European Modelling of the Ocean GO5 (NEMO; Madec 2008 , Megann et al. 2014 ) ocean component, and the Los Alamos sea-ice model GSI6.0 (CICE; Lipscomb 2010, Rae et al. 2015) . GloSea5 uses N216 horizontal resolution (0.8° in latitude and 0.5° in longitude) for the atmosphere, and 0.25° for the ocean MacLachlan et al. 2015) . The vertical resolution is 85 levels for the atmosphere, giving a well-resolved stratosphere, and 75 levels for the ocean.
Model details
To assess the behaviour of the seasonal forecast system over an extended period, a hindcast set is used over a range of years. The GloSea5 hindcast period covers 1996-2009, which for the summer season (as in this case) is initialised at start dates of April 25, May 5 and May 9. MetUM and JULES are initialized from ERAInterim (Dee et al. 2011 ) and NEMO and CICE are initialized from GloSea5 Ocean and Sea ice analysis, but soil moisture is initialized with interannual variation from a JULES reanalysis. Further details of the initialization and data assimilation scheme are given in MacLachlan et al. 2015 and Johnson et al. 2016 . Each start-date has three ensemble members and is integrated for 140 days, extending beyond the end of August. Spread between the ensemble members is created by the SKEB2 stochastic physics scheme (Bowler et al. 2009 ). These hindcast data from the nine total samples for each year are used in the current study. Xavier et al. (2014) used a previous version of the Met Office seasonal forecast system (GloSea5-GA3). They showed high skill in simulation of the Madden Julian Oscillation in winter and analyzed the general tropical performance in extreme rainfall cases.
Identification of active-break events
Identification of active-break events is based on daily rainfall averaged over the monsoon core zone (MCZ), as shown in Figure 4a of Rajeevan et al. (2010) . Standardized rainfall is first calculated by removing the climatological seasonal cycle and then dividing it by the daily value of the standard deviation. A break (active) spell is identified as a period during which the standardized rainfall anomaly is less (more) than −1.0 (+1.0) for three consecutive days or more. We define the time of lag-0 corresponding to the peak rainfall phase of an event. Lagged composites of all variables of interest are made with reference to active (break) rain events in the MCZ. Table 1 lists active-break events based on the aforementioned criteria using TRMM and these spells are well compared with the spells identified in Rajeevan et al. (2010) using Indian Meteorological Department (IMD) data sets. Over the MCZ, intraseasonal variability using TRMM is highly correlated with IMD rain-gauge data (Figure 1 of Jayakumar et al., 2013) and sub-seasonal variability of TRMM over both land and ocean is good during the monsoon period (Rahman et al. 2009 ). In addition to the 'activebreak events decomposition' method described here, we also isolate the 30-60 day MISO signal by applying a Lanczos filter (Duchon 1979) on daily anomaly data with 121 weights.
For the model 'active-break events decomposition', we have used normalized model rain anomaly calculated using 14 years of GloSea5 hindcast climatology covering the period from 1996 to 2009 and calculated separately for each member of the ensemble to obtain thresholds for defining active/break dates. Since most MISO activity takes place within July-August months (Rajeevan et al. 2010; Jayakumar et al. 2013) , to avoid signals from the onset and withdrawal of the monsoon, and to maintain a sufficient distance from the initialization dates, the diagnostics to be presented here are for July and August. The average number of events identified per ensemble member was around 27 for active and 15 for break events respectively (i.e. the total number of events identified divided by nine ensemble members) in GloSea5 14 year hindcast (Table 1) , while 34 active and 35 break events were identified in the 16 years of TRMM data. To ensure robustness in the results, we concatenate all events from each member having three initial conditions, so that we have a large sample of events. We remind the reader that GloSea5 is not be expected to simulate equivalent (in phase) active or break events during July-August to those in observations since initialization occurs too far in advance. However, performing an analysis of the average fidelity of active-break events in the seasonal hindcast framework allows us to examine them in an initialized coupled model system in which mean-state SST errors are as small as possible.
The large-scale time-mean environment
As discussed in Sect. 1, realistic locations of time-mean monsoon heat sources and the easterly wind shear in the vertical are necessary conditions for a model to simulate the proper amplitude and phase of MISO. Figure 1a shows July and August mean monsoon precipitation in TRMM and the GloSea5 ensemble mean. There is a primary maximum over the monsoon trough region (between 10°N and 25°N) and into the Bay of Bengal, and a secondary maximum over the oceanic tropical convergence zone of the East Equatorial Indian Ocean (EEIO). While GloSea5 reasonably simulates the pattern of precipitation in the northern The same approach is used for selecting active-break events from three hindcast members of GloSea5, denoted ENSEMBLE-1, ENSEMBLE-2 and ENSEMBLE-3 generated using stochastic perturbed physics and with three initial condition dates April 25, May 5 and May 9 for the period of 1996-2009. Letters 'J' and 'A' denote July and August. Note that we would not expect the dates of events in GloSea5 to match those in observations due to the length of time elapsed in July/August since the initialization of the seasonal forecasts region including the monsoon trough location, there is not enough rainfall in the EEIO secondary maximum. The SST maximum between the equator and 10°S marks the preferred location for the secondary precipitation maximum, yet in GloSea5 the SST maximum is slightly too far north and too cold by around 1 °C (Fig. 1d, e) . Both locations are associated with low-level cyclonic vorticity and represent two preferred locations of the tropical convergence zone (e.g. Turner and Hannachi 2010). These two regions play an important role in spatial variations associated with the active-break cycle and its northward propagation.
Compared to the uninitialized atmosphere-only version of this model (HadGEM3 GA6.0), the mean precipitation bias in GloSea5 is, as expected, much reduced over the Indian land surface and over the equator, which bodes well for the assessment of subseasonal variability in this framework. The July-August mean SST bias shows characteristic cold SSTs (by more than ~1.2 °C) in the equatorial region and Bay of Bengal and positive SST biases in the western Arabian Sea. The spatial shift of this equatorial SST maximum to the north of the observational position and penetration further east of the equatorial cold tongue is Fig. 1 Upper panels show July/August mean precipitation (mmday −1 ) from a TRMM observations (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) ; b GloSea5 ensemble mean (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) and c their difference. Lower tropospheric (850 hPa) wind vectors are also shown, using ERA-Interim reanalysis (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) . Lower panels depict July/August mean SST in (d) TMI observations (1998 TMI observations ( -2013 ; e GloSea5 ensemble mean (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) and f their difference. The two boxes represent the Bay of Bengal (BoB, 85°E-95°E, 15°-20°N) and Eastern Equatorial Indian Ocean (EEIO, 85°E-95°E, 2.5°S-2.5°N), regions used later in this article a long-standing bias in coupled versions of the Met Office Unified Model (e.g. Johnson et al. 2016 ) and may be a manifestation of an enhanced coupled Bjerknes feedback over the Indian Ocean, resulting in convergence and convection being shifted further northwestward ( Fig. 1c and  1f) . A westerly wind bias can be seen in the lower troposphere (850 hPa) across the Indian mainland between 5°N and 25°N, whereas an easterly wind bias is seen over the EEIO close to Indonesia and the Sumatra region (Fig. 1c) , consistent with the SST bias and exaggerated cold tongue. The southeasterly wind bias in the equatorial region acts to reduce the SST there through wind-evaporation feedbacks and enhanced coastal and equatorial upwelling as in the Bjerknes feedback. Alternatively, pressure perturbations produced by deep convection and sea surface temperature (SST) gradients may play a role in the westerly wind bias over the Indian mainland and easterly bias over the EEIO.
The overall bias of monsoon precipitation in the GloSea5 model is small when compared to the overall large dry bias seen in uninitialized coupled models of CMIP5 (Sperber et al. 2013) . This is likely due in part to the proximal initialization in late spring and therefore the absence of significant cold bias errors in the Arabian Sea Levine et al. 2013) , which are known to lead to reduction in rainfall in the summer monsoon of coupled models. However, GloSea5 still suffers from excessive precipitation in the western equatorial Indian Ocean. Jiang et al. (2004) proposed the importance of vertical wind shear and the meridional gradient of surface humidity in the northward propagation of MISO. They showed that the vertical easterly wind shear strengthened lowlevel convergence ahead (north) of the convection through barotropic vorticity generation there. Hence the ability of a model to simulate spatial variations of vertical wind shear and specific humidity is a necessary condition for the northward propagation characteristic of MISO in a coupled model (e.g. Sperber and Annamalai 2008) . Figure 2 shows that July-August mean easterly vertical wind shear in the model is particularly strong in the northern Indian Ocean with a maximum located over the western Arabian Sea, particularly in the axis region of the climatological low-level Somali jet. But in the case of the near-surface (10 m) specific humidity, the model consistently simulates values that are too low all the way from south to north of the Indian Ocean. The stronger vertical wind shear may compensate for the low basin-mean humidity, allowing a reasonable simulation of northward propagation of MISO in the model. However, as we shall see, mere representation of the time-mean basic state alone does not guarantee a realistic simulation of the MISO.
The July-August climatology of the monsoon local Hadley circulation and vertical pressure velocity from ERA-Interim and GloSea5 is illustrated in Fig. 3a, b . The meridional vertical distribution of the local Hadley circulation shows an ascending branch with maximum strength at around 20°N and a corresponding descending motion south of 10°S in ERA-Interim (Fig. 3a) . The local Hadley circulation in GloSea5 displays a stronger ascending motion at 20°N and just north of the equator, leading to an elongated circulation in GloSea5 (Fig. 3c) . The strong monsoon westerlies with their core around 850 hPa and maximum at 15°N can be seen in the seasonal zonal wind from both observations and GloSea5 (Fig. 3d) . The prevailing westerly winds in the northern hemisphere summer extend up to 400 hPa height with a southward tilt. As seen in Fig. 1 , low-level westerly winds in the northern hemisphere are slightly stronger in GloSea5 (up to 800 hPa). As we shall see in the next section, these mean state biases of the local climate also project onto active-break events in GloSea5.
Power spectra and wave-number frequency spectra of observed and GloSea5 intraseasonal variability
Before diagnosing the characteristics of the model monsoon active-break cycle, we use power spectra for estimating the dominant periodicity simulated in the model at intraseasonal time scales with respect to the available observations. In general, significant periodicities in both U850 and OLR power spectra from the model and ERAInterim are in good agreement. However, power retained in the 30-60 day band in the model is weaker than in ERAInterim (Fig. 4) . The amplitude of the higher frequency band below 20 day period is found to be stronger in the model. Both eastward and northward propagating components are evident in intraseasonal oscillations during the monsoon period (e.g., Kemball-Cook and Wang 2001) . To examine this behaviour in GloSea5 we have computed east-west and north-south space-time spectra following the methodology of Wheeler and Kiladis (1999) . Figure 5a shows the dominant power in the northward propagating component at wavenumber 1 from observations calculated over the Indian monsoon domain, which is consistent with results of earlier studies during boreal summer (e.g. Goswami 2011). The GloSea5 model shows a slightly weaker northward propagating component, but the southwardpropagating component is overestimated in the negative axis of the wavenumber (Fig. 5b) . In accordance with the high frequency variability seen in the power spectra, the southward propagating component here is shifted slightly toward the shorter time scales. In contrast to eastward propagating signals of the Madden-Julian Oscillation (MJO, Zhang 2005) with maximum power at wavenumber 1-3 evident in the observed east-west wave spectra during winter (Fig. 5c ), the GloSea5 model shows less power distributed over a larger range of wavenumbers (Fig. 5d) . Overestimated power at longer than observed MJO time scale is simulated in both eastward and westward propagation, which is unrealistic. The westward Rossby wave response to the eastward-moving MJO is much amplified in the model at periods longer than 80 days. The mean cold bias in the EEIO (Fig. 1 ) could be largely caused by the lack of strong enough boreal-summer MJO activity over the equatorial Indian Ocean. The weaker MJO activity during boreal summer and its relation to the mean cold SST bias is beyond the scope of the current work, since our focus is on the ability of GloSea5 to simulate the MISO.
Characteristics of the GloSeamonsoon active-break cycle
In this section we analyse the spatial pattern and vertical structure of a composite active-break cycle in GloSea5 based on the Rajeevan et al. (2010) rainfall index described in Sect. 2.3. ) in (d) ERA-Interim (1998 ; e GloSea5 ensemble mean (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) and f their zonal mean
Spatial pattern
We have used a time-lagged composite analysis of low-level winds and precipitation to derive the spatiotemporal evolution of the monsoon active-break cycle. This lagged composite analysis will also help us gain an idea of the evolution of active-break events in the observations and the GloSea5 model. Evolution of the TRMM and GloSea5 rainfall active and break events and associated low-level wind anomalies from ERA-Interim and GloSea5 is displayed using composite lags ranging from −12 to +12 days and shown in Fig. 6a , b and c, d respectively. Lag = 0 denotes the peak phase of active and break event composites, the respective figure panels showing positive rainfall anomalies over the MCZ and north Bay of Bengal (Fig. 6a ) and equatorial Indian Ocean ( Fig. 6b) respectively; these patterns are consistent with those discussed in previous studies (e.g. Annamalai and Slingo 2001; Rajeevan et al. 2010) . For GloSea5 lag = 0, a similar pattern is generated for the Indian mainland, but the amplitude of the rainfall anomaly over the Bay of Bengal is reduced compared to observations. Thus while our observational and model composites are selected using the same MCZ method over land, GloSea5 shows a much weaker connection with anomalies of the same sign over the north Bay of Bengal. The largest errors in the anomaly composites when compared to observations are over the EEIO, especially during the break phase (Fig. 6d) . This suggests that GloSea5 faces problems in simulating the connection between anomalies in the continental tropical convergence zone and the oceanic tropical convergence zone. ERA-Interim low-level wind anomalies associated with the composite active-break cycle are characterized by two vortices of opposite sign in the circulation field, close to the equator, similar in structure to the n = 2 equatorial Rossby wave (Krishnan et al. 2000) . This pattern is visible in both GloSea5 with only small differences relative to ERA-Interim. From twelve days before (lag = −12) to three days (lag = −3) before the peak of the observed active spell, positive rainfall anomalies weaken in the eastern Arabian Sea while they intensify in the Bay of Bengal (Fig. 6a) . By lag = 0, rainfall anomalies extend to the MCZ from the Bay of Bengal, and a corresponding shift in the axis of the low-level jet is found in the wind anomaly. After the peak phase (lag = +3), the positive rainfall anomaly bifurcates to two bands of rainfall along north-west India and in the eastern portion of the north Bay of Bengal. Similar patterns characterize the break during phases closes to the event peak (lag = 0) with negative rainfall anomalies over the MCZ and Bay of Bengal and positive rainfall anomalies along the Himalayan foothills and equatorial Indian Ocean (Fig. 6b) . But the asymmetric nature in rainfall patterns and associated circulation patterns between active and break composites during the evolution (lag = −12 to lag = −6) and dissipation (lag = +6 to lag = +12) of the events is clearly depicted in Fig. 6a and b, respectively. Though the GloSea5 spatial pattern is largely consistent with observations during the phases close to the peak spell of active/break events, greater inconsistencies can be seen away from the peak spells (Fig. 6c, d ).
Vertical structure
We now examine the vertical structures of the local monsoon Hadley circulation and zonal winds associated with active and break phases over the Indian Ocean region. During active periods, strong anomalous ascending motion is found over the north Bay of Bengal with respect to climatology as shown in Fig. 7a . This motion is associated with deep convection in the monsoon trough region, whereas weakening of the local Hadley circulation is found during break periods (Fig. 7b) . Differences in the heating and meridional transport between active and break events is clearly visible in the ERA-Interim active-break cycle. In GloSea5 (Fig. 3c) , biases can also be seen for active and break periods (Fig. 7c,  d ). During break events, the anomalous circulation is more meridionally confined compared to ERA-Interim, with particularly weak anomalies over the equator (Fig. 7d) . The anomalous descending motion in GloSea5 active periods is also weak and meridionally confined (Fig. 7c) .
The vertical structure of zonal wind anomalies for both ERA-Interim and GloSea5 is illustrated in Fig. 8 . Enhanced westerly winds associated with active convection over the monsoon trough region appear to be barotropic in nature north of 10°N, and are clearly visible in both ERA-Interim (Fig. 8a, b) and GloSea5 (Fig. 8c, d) . Similarly, reduced westerly winds associated with break conditions are well represented in GloSea5. In the GloSea5 break phase, an anomalous westerly tongue south of the equator extends as far as 20°S, from 200 hPa down to the mid-troposphere, quite different from the narrow extent of this feature in ERA-Interim. Similarly, anomalous upper-level easterly winds extend too far south in the active phase. One possible reason for the erroneous upper-level vertical wind anomalies during the break phase may be the unrealistic vertical distribution of heat fluxes relating to deficiencies in the parametrization of deep convection, which are beyond the scope of this study. Model-simulated wind anomalies There are thus clear biases in the horizontal and vertical structure of composite active and break events in GloSea5. The next section will explore air-sea interaction processes relating to these biases.
6 Air-sea interaction processes associated with GloSea5 MISO MISO can be modified by air-sea interaction processes that modulate the propagation and life cycle of active-break convective activity. This section mainly addresses air-sea interaction processes using available observational data sets and GloSea5.
Regression and correlation analysis
Lag-latitude diagrams of 30-60 day filtered precipitation (shaded) and SST (contour) regressed onto reference time series over the Bay of Bengal (BoB) and the central/east equatorial region (Eq) are shown in Fig. 9a-d . Here the Eq region is same as EEIO used earlier (Fig. 1) , except the longitudinal range is extended to 70°E instead of 85°E to also cover the central Indian Ocean signal. In observations (Fig. 9a, c) , there is a clear northward propagation of MISO apparent both at Bay of Bengal and equatorial Bottom panels show zonal wavenumber-frequency spectra of rainfall anomalies calculated over the global tropics (10 o S-10 o N) from c TRMM observations and d GloSea5 for the same period latitudes in precipitation and SST anomalies. This northward propagation is associated with cyclonic vorticity ahead of the convection in the background monsoon flow and an easterly wind shear in the vertical (Goswami 2011) . Air-sea coupling is certainly a feature of the northward propagation of MISO given the strong quadrature relationship (~90° phase lag) between precipitation and SST. The 90° phase relationship can be seen clearly in the observations, with warm SST leading the positive phase of the convective anomaly, and vice versa. However, in GloSea5 (bottom row), propagation is not clear in precipitation or SST and the ~90° phase lag relationship is not maintained properly especially in the equatorial region (Fig. 9d) . This can be better elucidated by considering the lead-lag correlation of filtered anomalies of rainfall averaged over box-averaged regions over the head of the Bay of Bengal and equatorial regions (Fig. 9e) . This correlation diagram represents the strength of the correlation in the quadrature relationship between SST and precipitation. In observations, SST anomaly correlations peak 10-15 days ahead of the precipitation anomaly. Over the north Bay of Bengal (see black curves in Fig. 9e) , this relationship is captured in the model, but is weaker than in the observations. Over equatorial latitudes (red curves) there is an extremely weak correlation between these fields in GloSea5, and the phase of the relationship is also incorrect, with SSTs being most highly anti-correlated with current precipitation, rather than lagged precipitation. , vector) for ~240 active events identified in the GloSea5 hindcast set. d same as c but for ~135 GloSea5 break events To quantify the role of air-sea interactions in GloSea5 in more detail, we perform a detailed analysis of air-sea flux, SST and precipitation, specifically focused on the BoB and Eq regions. The net air-sea flux at the sea surface is given by the sum of net radiative fluxes (longwave and shortwave radiation) and turbulent fluxes (latent and sensible heat fluxes). Changes in the circulation and precipitation will have an impact on the net heat flux (Q net ) perturbation. A quadrature phase relationship also exists between SST and Q net , indicating that intraseasonal SST fluctuations are essentially being driven by the atmosphere through Q net as in previous studies by Sengupta et al. (2001) and Vialard et al. (2011) . Figure 10 shows the lag regression analysis of 30-60 day filtered Q net and its components (shortwave, latent heat, longwave and sensible heat) onto the 30-60 day filtered SST in the BoB and Eq from OAFlux and GloSea5. The OAFlux observed estimate shows the dominant contribution of short wave flux variations to the total net heat flux perturbation, which is consistent with earlier work by Vialard et al. (2011) . The amplitude and phase of the GloSea5 net heat flux and its components shows a similar pattern in BoB consistent with OAFlux, although latent heat variations are slightly overestimated and the SW flux variations are underestimated, resulting in an overall underestimation of the net heat flux variations. In the equatorial box, GloSea5 shows poor performance in simulating the amplitude of net heat flux and its components, with verylow values of all terms. Additionally we have calculated lead-lag Fig. 9e . Cloud-precipitation relationships are found to perform well over the GloSea5 equatorial region, although further discussion on convection parametrization is not within scope of the current work. Clear phase mismatches are reflected in the latent heat flux and wind speed correlation analysis, along with SST-precipitation presented earlier (Fig. 9e) . This deepened analysis suggests that biases in the LH flux are significant. The next section focuses on the decomposition of drivers of latent heat flux variations rather than the short wave flux, since latent heat flux part is partially related to the variations of primary fields in the model such as low-level wind, humidity and SST and there are clear biases in those fields in the model, particularly near the equator.
Latent heat flux decomposition
Latent heat flux (L) is calculated using the bulk aerodynamic formula of the form:
where ρ is the air density, L is the latent heat of evaporation, C e is a transfer coefficient, W is the near-surface wind speed, Q s is the near-surface specific humidity and Q a is the specific humidity at 2 m above surface. Q s (T ) is the saturation specific humidity at the ocean surface calculated using the Clausius-Clapeyron relation. We linearize latent , where the overbar and prime symbols denote the daily mean and perturbation values, respectively. The contribution from the error term (ε) is not significant in the observational decomposition using OAFlux, though the error has a slightly higher value in the model. We have also verified the observational latent heat flux decomposition with TropFlux (Praveen Kumar et al. 2012) , which is independent of OAFlux, with consistent results (figure not shown).
(2)
The LH decomposition terms are shown for both observations and GloSea5 in Fig. 11 . Total LH flux variability from observations shows maxima over the BoB and equatorial region (Fig. 11a) , whereas GloSea5 shows a maximum over the western Arabian Sea (Fig. 11f) . In general, LH decomposition terms show spatial coherence in accordance with the variability of LH as a whole (Fig. 11a-e) . In GloSea5, there is an over-estimation of the contribution of SST variability to LH flux variability in the western Arabian Sea as well as off Sumatra (Fig. 11g) . The warm bias of the model SST in the western Arabian Sea (Fig. 1f) may be a causative factor of the anomalous contribution of SST variability to LH flux changes in this region. Wind has the largest contribution to the total observed LH flux variability (Fig. 11a, d ). Lack of variance in the equatorial wind (Fig. 13c) contributes to the low LH variability in the EEIO (Fig. 11i) , which is a prominent feature in OAFlux for this region (Fig. 11d) . Instead of in the EEIO, the GloSea5 model shows maximum variance of windcontributed LH variability in the southeast Arabian Sea (Fig. 11i) , where the variability from ε also shows slighter higher values compared to OAFlux.
Impact of net heat flux variations on a thermodynamic slab ocean
To calculate the potential change in SST associated with fluctuations in the net surface heat flux, we approximate a simple ocean using a slab-ocean mixed layer depth approach as,
ρc p h , where Q o and h are the net heat flux perturbation and July-August climatological mixed layer depth (MLD) respectively. We obtain the observed climatological MLD from the de Boyer Montégut data set (de Boyer et al. 2004) . The net heat flux variations are 30-60 day bandpass filtered for the observations and model at each grid point, and used to force the slab model. The 30-60 day SST variability obtained from the slab ocean approach in GloSea5 is missing its equatorial maximum (Fig. 12) , consistent with the earlier analysis. Intraseasonal SST variability in the equatorial Indian Ocean region has an important role in the mechanism of the northward propagation of MISO through changes in the net heat flux and SST, which eventually brings about convective changes here through destabilizing the lower atmosphere and enhancing moist static energy as discussed in previous literature (e.g. Roxy and Tanimoto 2007) . In case the model MLD should be biased, for the model we have also repeated the slab-ocean approach, using observed MLD instead of GloSea5 MLD, which resulted in similar SST variance (figure not shown); this suggests that it is biases in the intraseasonal surface heat flux perturbation rather than mean state model MLD biases that are damping the intraseasonal variability of SST in the GloSea5 equatorial region. The JulyAugust slab-ocean SST response in GloSea5 is therefore not supporting the coherent quadrature phase relationship between SST and precipitation, which may thus have an impact on the spatial structure of MISO and its northward propagation. 
Summary
We have carried out an assessment of sub-seasonal variability using a 9-member 14-year set of coupled hindcasts in the GloSea5 initialized seasonal forecast model during boreal summer by examining the time-mean background state, and the spatial pattern and vertical structure of the active-break cycle of monsoon intraseasonal oscillations based on a rainfall index over the monsoon core zone. The main features of the simulated time-mean background state are the overly strong low-level jet (westerly wind bias), a warm SST bias over the western Arabian Sea with respect to observations, together with a coupled wind and SST bias in the equatorial Indian Ocean with excessive trade winds and cold SSTs. Dominant modes of monsoon intraseasonal oscillation are clearly displayed in a power spectrum analysis, but the strength of the 30-60 day (10-20 day) mode is under (over) estimated. East-west and north-south space-time spectra during this season show weak MJO and northward propagating components at wavenumber 1.
The spatial pattern of the precipitation and low-level wind anomalies in the lagged-composite of active and break events over the Indian mainland and north Bay of Bengal are in reasonable agreement with observations, whereas large deviations from observations are noted over the southern flanks of the equator. Though the July-August mean state of the GloSea5 monsoon Hadley circulation and vertical profile of zonal wind are in reasonable agreement with respect to ERA-Interim reanalysis, the vertical profiles of active and break events are not simulated so well, the break phase especially exhibiting anomalous ascending vertical motions over a belt that is too meridionally confined. We found that the observed near-quadrature phase relationship between SST and precipitation is not represented properly over the equatorial Indian Ocean in GloSea5. By using a latent heat flux decomposition method and slab ocean approach we highlighted the role of low wind variance and heat flux perturbations in reducing the model's SST variability in the equatorial Indian Ocean. Weaker subseasonal variance over the equatorial Indian Ocean in GloSea5 is clearly visible even in 10 m zonal wind stress when compared to both QuikSCAT and ERA-Interim (Fig. 13) ; the low wind variance in the EEIO region may itself relate to the high mean winds. Simulated air-sea interactions in the equatorial central Indian Ocean are therefore not supportive of initiation and northward propagation of MISO in that region, likely a result of the low surface wind variance there.
Discussion
Current work diagnosing the biases in simulating MISO together with this study may motivate further work on linkages between couple model mean climate and simulation of MISO, and thereby ways to improve it. Even though intraseasonal variability during the monsoon period is satisfactory (Fig. 4) , both eastward-and northward-propagating characteristics over the tropical belt in this model framework are not (Fig. 5) . Goswami (2011) discussed the role of cyclonic vorticity and the importance of boundary layer moisture convergence ahead of maximum convection enabling the northward propagation of MISO-associated convection. To elucidate it further here, regression analysis of potential vorticity anomaly (PV) in the lower atmosphere Fig. 12 Standard deviation of 30-60 day bandpass-filtered SST from a TMI observations and e GloSea5, and the standard deviation of 30-60 day bandpass-filtered SST variability estimated using a slabocean approach from d observations and h GloSea5. The mixed layer depth (MLD) and net heat flux used to calculate the slab ocean variability are shown for observations (b, c) and GloSea5 (f, g) and convection for Glosea5 is depicted in Fig. 14 along with observations, here PV reflects both vorticity and thermodynamic properties of the atmosphere. The lead-lag relationship between convection and PV anomalies over the central equatorial Indian Ocean is also not maintained properly in GloSea5 from lower levels to the middle atmosphere. Instead of a coherent phase relationship, regressed phases are stationary at the equator and 20°N in GloSea5 (Fig. 14) .
According to Ajayamohan et al. (2009) , disorganized northward propagation is found in situations with positive IOD-like SSTs, by modulating the propagation characteristics of convection through changes in the mean moisture convergence and meridional specific humidity. Since GloSea5 SST has a mean cold bias in the eastern equatorial Indian Ocean (Johnson et al. 2016) , the aforementioned hypothesis may also be a factor for the incoherent nature of MISO propagation. On other hand, the mean EEIO cold bias could be caused largely by the lack of strong enough boreal-summer MJO activity over the equatorial Indian Ocean. With weaker westerly winds in GloSea5 here, the cross-equatorial monsoonal flow west of the Sumatra will induce strong upwelling cold water, which will be advected westward along the equatorial Indian Ocean. This may suppress the convective initiation associated with MISO and in turn affect northward propagation through air-sea interaction.
Our diagnostics have pointed out the limitations of the GloSea5 seasonal forecasting model in representing the local monsoon Hadley circulation (Fig. 7d) and low-level wind variance in the equatorial Indian Ocean (Fig. 13) . Joseph and Sijikumar (2004) showed that during break phases of the monsoon, the low-level winds of the Somali jet curve clockwise over the Arabian Sea under conservation of potential vorticity (Rodwell and Hoskins 1995) . This shifting of the jet axis towards the equatorial region during break phases is an important feature lacking in the model ( figure not shown) . A budget analysis of potential vorticity including contributions from advection, momentum and diabatic heating terms from convection (radiation, cumulus physics) covering active-break events may reveal more details of the large-scale monsoon flow dynamics and their relation to the convective parameterization of the model. This analysis will be performed in a future study. Annamalai and Sperber (2005) demonstrated that the three main heating centers during the monsoon period are located over the equatorial central-eastern Indian Ocean, the Bay of Bengal, and the tropical west Pacific; emanation of Rossby waves associated with this heating is important to the life cycle and northward propagation of MISO in addition to its modulation by air-sea interaction processes. Since our study has shown the limitation of GloSea5 in maintaining a correctly phased SST-precipitation relationship in the equatorial Indian Ocean region (Fig. 7g ) and atmospheric convection is also connected to the thermodynamics of the upper ocean via low-level wind variability, we will pursue further research towards the model dynamics associated with the heating centres suggested by Annamalai and Sperber (2005) . Thus the current study motivates us to address the errors in active-break monsoon heating and Rossby wave responses by performing nudging experiment in the atmospheric GCM component of GloSea5, in which wind and temperature fields on all pressure levels will be pushed toward reanalysis climatology (e.g. ERA-Interim data). By doing this experiment, we hope to quantify the impact of intraseasonal oscillations on the seasonal equatorial rainfall bias suffered in the GloSea5 model configuration.
The latent heat flux decomposition of GloSea5 discussed in Fig. 11g showed anomalously weak variability from the SST component as compared to observations and this may also feed back on moisture transport during the monsoon period, following the mechanism discussed by Izumo et al. (2008) . They suggested that the enhanced LH/SST ratio may increase the advected moisture transport in the lower troposphere towards India, which ultimately results in increased rainfall on the west coast of India that we see in this model. The GloSea5 seasonal precipitation bias on the west coast of India and the corresponding SST bias in the Arabian Sea depicted in Fig. 1 are mostly in agreement with this mechanism. The error term in the GloSea5 latent heat flux decomposition method is slightly higher than that derived from OAFlux, and may be due to the larger nonlinearity present in the model ocean response, which will be considered as the limitation of this approach. 
